We use computer simulations to study the behavior of sharp and blunted cracks in various f.c.c. metals. We find that in models representing platinum and gold a sharp crack is stable with respect to the emission of a dislocation from the crack tip, whereas for all other metals studied the sharp crack is unstable. This result cannot be explained by existing criteria for the intrinsic ductile/brittle behavior of crack tips. Blunting the crack makes dislocation emission easier in all the studied metals. The effect is relatively strong; the critical load for emission to occur is reduced by up to 20%. This behavior is caused by the surface stress in the surface at the end of the blunt crack. This can cause an order-of-magnitude increase in the fracture toughness of certain materials, in which a sharp crack would propagate by cleavage, but collisions with already existing dislocations blunt the crack, and thereby prevent further cleavage.
§1. Introduction
One of the major problems in modelling fracture in materials is the enormous range of length-scales that enter the problem (Carlsson and Thomson 1997) . The atomic processes near the crack tip require atomic-scale modelling, but the long-range elastic field of a crack tip may interact with dislocations and dislocation sources too far from the crack tip to allow treatment with atomic-scale methods, except for a few highly idealized configurations. More direct interactions between crack tips and dislocations have also been suggested, including the proposal that collisions between the crack tip and dislocations may both be likely and be important for the fracture toughness of real materials (Mesarovic 1997 ). Here we concentrate on the atomic-scale behavior of the crack tip, especially in the context of this proposal.
The main conclusion of Mesarovic's work is that the elastic field of a moving crack will attract preexisting dislocations towards the crack, causing them to collide with the crack or at least to pass so close to the crack that an oppositely signed dislocation will be emitted. This will usually cause local blunting of the crack front. Mesarovic assumes that blunting a segment of the crack front causes that segment to arrest, forcing the remainder of the crack to move around the arrested crack. This causes the local crack tip toughness (Γ tip ) to be increased significantly. A positive feedback mechanism then ensues. The increased crack tip toughness causes a larger stress in the surrounding material, increasing the activity of the dislocations and dislocation sources, thus further raising the fracture toughness by a dramatic increase in the shielding of the crack (Beltz, Rice, Shih and Xia 1996; Mesarovic 1997) .
This model clearly depends on the ability of a single dislocation to arrest the crack by blunting it. It thus becomes important to understand how crack blunting affects the intrinsic behavior of the crack tip. By analogy to the stress field near an elliptic crack, it is generally assumed that blunting a crack will dramatically reduce the stress concentration at the crack tip, and thus make both crack propagation and dislocation emission much harder even after a single layer of blunting (Paskin, Massoumzadeh, Shukla, Sieradzki and Dienes 1985; Gumbsch 1995) . In a previous paper (Schiøtz, Canel and Carlsson 1997) we found that not to be the case. We studied the effect of blunting on subsequent dislocation emission or cleavage for a crack in a twodimensional hexagonal lattice, with the interatomic interactions described by a simple pair potential. We reached two main conclusions: First, the effects of the crack blunting on the elastic fields around the crack are minimal, even at very short ranges. This is because the singularity of a 60
• wedge crack is almost as strong as for a sharp crack (the power is −0.488 compared to −0.5). Secondly, the non-linearities in the interatomic interactions cause the blunting to have some effect: a slight increase in the stress intensity factor required to cleave, and a tendency to favor emission in stead of cleavage as soon as a single layer of blunting is introduced.
Since these effects are dependent on the interatomic potential used, we decided to perform atomic-scale simulation of crack blunting using more realistic many-body potentials for selected f.c.c. metals (Ni, Cu, Pd, Ag, Pt, Au). These simulations are described in this paper.
We find that the inclusion of many-body effects in the interatomic potential dramatically enhances the effects of crack blunting. This is mainly caused by the introduction of surface stresses, which are absent in models based on a nearest-neighbor pair potential. For most materials surface stresses are tensile 1 , and a tensile stress in the surface at the end of a blunt crack will increase the resolved shear stress on a dislocation about to be emitted, thus enhancing dislocation emission. We see reductions of the stress intensity factor required for dislocation emission of up to 20% caused by just a few layers of blunting, this is enough to change the behavior of the crack from brittle crack propagation to dislocation emission.
The simulations also provide an opportunity to test two recently proposed criteria for the intrinsic behavior of sharp cracks (Rice 1992; Zhou, Carlsson, and Thomson 1994) . We find that neither of the criteria are able to predict whether sharp cracks in the investigated metals behave in an intrinsically ductile or brittle manner. §2.
Computer simulations
We have simulated the emission of the leading partial dislocation from a crack using the geometry shown in figure 1. The simulation cell consists of a cylinder where the atoms near the surface of the cylinder have fixed displacements (static atoms), and the atoms inside the cylinder are free to move (dynamic atoms). Periodic boundary conditions are applied in the direction along the cylinder axis (the z-axis). We create a sharp crack by first displacing all the atoms according to the displacement field of a crack loaded at the Griffith criterion. We then minimize all coordinates of the dynamic atoms to investigate if the sharp crack is stable. To create a blunt crack we proceed in a similar fashion. First we remove one to five halflayers of atoms to create the crack. Then we displace all the atoms. The displacement field around a blunt crack is not known analytically, but at large distances compared to the blunting the displacement field will be identical to that of a sharp crack. We therefore use that expression for the field; any error introduced near the crack tip will quickly be removed by the minimization algorithm. We can then gradually step up the loading of the crack, until the leading partial dislocation is emitted or the crack cleaves. (Sih and Liebowitz 1968) . The white atoms are dynamic atoms, which are allowed to move. Their positions are energy-minimized for any given elastic load (given by the positions of the static atoms). In the system shown here four layers of blunting are applied to the crack. only one slip plane, but dislocations can be emitted in both directions. Linear elasticity favors emission in the "forward" direction with respect to the crack. The leading partial dislocation emitted in the favored "forward" direction has pure edge character, whereas the leading partial dislocation that could potentially be emitted in the backwards direction has a large screw component, and therefore couples less strongly to the stress field under mode I (pure opening) loading. See Figure 2 . If the crack direction were reversed (i.e.
[211] instead of [211] ) the situation would be reversed, and the system would have the choice between emitting an unfavorable screw-like dislocation in the favorable forward dislocation, or a favorable dislocation in an unfavorable direction. This would lead to a suppression of the emission and a more brittle behavior. The interatomic interactions are described by the Effective Medium Theory (Jacobsen, Nørskov and Puska 1987; Jacobsen, Stoltze and Nørskov 1996) . The main materials parameters for the simulated materials are given in table 1. All values calculated are given for the equilibrium lattice constants of the EMT-metals. The equilibrium lattice constants differ slightly from the values used to construct the original EMT parameters, since the extension of the interactions beyond nearest neighbors (Stoltze 1990; Jacobsen et al. 1996) causes a contraction of the lattice of around 0.5%. It is seen that the elastic constants are close to the experimental values, but that the surface energies and stresses are quite low. §3. Results
The results of the simulations are shown in (111) and (100) surfaces. f 111 and f 100 are the surface stresses. γ sf and γ us are the stacking fault energy and the unstable stacking energy. K G is the Griffith critical stress intensity factor in plane strain for the crack orientation under consideration, calculated from γ 111 surf and the elastic constants. Experimental values: elastic constants are from Kittel (1996) . Ab initio calculations: γ surf from Vitos, Ruban, Skriver and Kollár; f 111 for Pt and Pd from Feibelman (1995) , Au(111) from Needs and Mansfield (1989) ; f 100 from Fiorentini, Methfessel and Scheffler (1993) ; γ sf from Rosengaard and Skriver (1993 FCC metals fall in two groups: platinum and gold are intrinsically brittle (a sharp crack is stable, and will propagate), whereas nickel, copper, palladium and silver are intrinsically ductile (a sharp crack is unstable, and will emit a dislocation). See Figure 3 . We find a small amount of lattice trapping for platinum and gold, approximately 5%. We see from the simulations that palladium and silver are very close to the transition between intrinsically brittle and ductile behavior. For these two metals a sharp crack loaded at the Griffith load will remain stable, but when the load is increased the crack will emit a dislocation before the lattice trapping is overcome. The second main result is the behavior of the blunt crack. Here all six metals behave in a similar way. After just one layer of blunting the crack will no longer cleave, but emits a dislocation. Further blunting of the crack seems to favor the emission further, at least until the crack is blunted by three layers. Increasing the blunting beyond three layers has no or little effect on the emission. For the largest amount of blunting investigated (four and five layers of blunting) we find a slight reversal of the effect -increasing the blunting seems to increase the load required to emit a dislocation a little. The total reduction of the load required to emit a dislocation is around 20% compared to the Griffith load. The results presented in the previous section show both major similarities to and differences from our previously published results for blunt cracks in a two-dimensional lattice (Schiøtz et al. 1997) . The main similarity is the change in behavior of the crack for some force law parameters, a change from brittle behavior of the sharp crack to ductile behavior of the blunt crack. The main difference is the ease with which the dislocations are emitted from the blunt crack. In the previous work we saw an increase in the critical load when the blunting was increased, even when the crack began emitting dislocations. The emission was thus more a result of inhibiting further cleavage than of enhancing the emission. In this work we instead see a clear decrease of the critical load. We further see that this decrease continues until the crack has been blunted by three atomic layers. This behavior is opposite from what one would expect from simple arguments based on linear elasticity, since increased blunting should decrease the stresses near the crack tip, and thus increase the critical loads. We should, however, remember that for a blunt crack with sharp corners this linear elastic effect is very small (Schiøtz et al. 1997) .
We find that the most probable cause of this difference is the presence of surface stresses in these simulations. The previous work was done using nearest-neighbor pair potentials to describe the interactions between the atoms; in such a potential no surface stress appears. 2 The effective medium theory contains many-body interactions in the potential, and gives a more realistic description of the metal properties. Surface stresses are present in the effective medium theory. Surface stresses will naturally be present at the crack surfaces. As the crack is blunted, a new surface appears at the crack tip, and as the dimensions of this surface increase compared to the range of the potential the surface stress will approach its "macroscopic" value.
For all the materials investigated here the surface stress of the created (100) facet is tensile. This stress will naturally change the stress distribution in the system near the crack tip. Most importantly, the tensile stress in the surface at the end of the crack (see figure 4) will cause a resolved shear stress in the plane of an emitted dislocation that favors emission. This is best seen by considering what emission of a dislocation will do to the end surface under tensile stress. As the dislocation is emitted a slight shortening of the end surface is expected, releasing some of the tensile surface stress.
To test this hypothesis we compare the shear stress induced by the surface stress to the calculated reduction in the critical load required to emit a dislocation. We assume that the shear stress induced by the surface stress is proportional to f 100 /d, i.e. the surface stress is distributed over a layer of thickness comparable to the lattice spacing. The influence of this surface stress will then depend on the ratio between this induced shear stress and the shear stress given by linear elasticity theory for a crack loaded in mode I (Thomson 1986 ):
This describes the stress field around a sharp crack. The θ dependence will change somewhat near a blunt crack, but the r dependence will be unchanged (Schiøtz et al. 1997 ). Since we do not worry about factors of order unity as long as they do not vary when we change the material, we use Eq. (1) for σ rθ , setting r = d (the lattice constant). As a measure of the effect of the blunting we use the change (∆K e ) of the critical load to emit a dislocation as we change the blunting from one to five layers. In Figure 5 we investigate 0000000000000000000 0000000000000000000 0000000000000000000 0000000000000000000 0000000000000000000 0000000000000000000 0000000000000000000 0000000000000000000 0000000000000000000 0000000000000000000 0000000000000000000 0000000000000000000 0000000000000000000 0000000000000000000 0000000000000000000 0000000000000000000 0000000000000000000 0000000000000000000 the correlation between the reduction of the critical load (−∆K e /K G ) and the relative strength of the surface stress (
The remarkably good correlation is a strong support for the hypothesis that the surface stress causes the enhanced dislocation emission.
Since a tensile surface stress will be present in most metals, this mechanism is possible in any metal where the sharp crack behaves in an intrinsically brittle manner, but where the system is not too far from dislocation emission. In these materials collisions between a propagating crack and preexisting dislocations may cause the crack to locally become emitting, and if the collisions are common enough the macroscopic response of the material may be ductile in spite of the sharp crack tip being stable in principle.
It has previously been suggested (Sieradzki and Cammarata 1994; Cammarata and Sieradzki 1996) that surface stresses may influence dislocation emission from sharp cracks. However, the surface stress effect discussed here Along the x-axis is plotted the relative strength of the surface stress (measured by f 100 /d) and the stress from the crack itself (measured by the shear stress σ rθ one lattice constant from the crack tip). Along the y-axis is plotted the enhancement of the dislocation emission as given by the change (∆K e ) in the load required to emit a dislocation measured in units of the Griffith stress.
is of a different nature. In the case of a sharp crack the suggested effect of a tensile surface stress would be to inhibit the emission of dislocations, whereas the tensile surface stress here is seen to enhance dislocation emission from blunt cracks. Gumbsch (1995) has studied sharp and blunt cracks in Ni using the Embedded Atom Method (EAM), a many-body potential very similar to EMT. Surprisingly, he finds that the sharp crack with the (111)[211] orientation studied here is stable, and propagates by cleavage, although other orientations favor dislocation emission. The blunt crack is studied only in the (100) [010] and (100)[011] orientations. In the first case emission of the usual a 6 211 Shockley partial dislocations is geometrically impossible, and the crack is brittle at all levels of blunting. The (100)[011] on the other hand can emit partial dislocations, this is seen but only at five layers of blunting, and at a stress significantly above the Griffith stress (1.17 K G ). The different behavior in this work may be due to a different crack tip geometry, since Gumbsch chose a symmetrical configuration, or it may be due to different surface stresses when the EAM potential is used.
The result that some of these f.c.c. metals (Au, Pt) are intrinsically brittle, and some (Ag, Pd) are close to being intrinsically brittle, is surprising in light of the "γ us " criterion for brittle/ductile behavior proposed by Rice (1992) . According to that criterion a crack will be intrinsically ductile if
where γ us is the "unstable stacking energy" (Rice 1992) , γ surf is the surface energy and Y is a geometrical factor. In our geometry 2/Y is approximately 0.30. γ us /γ surf is listed in table 1 for all the metals studied. It is seen that by this criterion all the metals should be intrinsically ductile, and far from the transition to brittle behavior. It has been suggested that the stress fields near the crack tip changes γ us locally. However this change would result in a lower value of γ us and thus in enhanced ductility (Sun, Beltz and Rice 1993) . We must therefore conclude that the results presented here are in clear violation of the γ us criterion. Such a violation is consistent with previously obtained results for the behavior of cracks loaded in mode I (pure opening) (Zhou et al. 1994; Gumbsch and Beltz 1995) . Eq. (2) does not consider the energy cost of creating extra surface at the crack end during dislocation emission. When this so called ledge energy is taken into account a different criterion, where dislocation emission is more difficult, is obtained (Zhou et al. 1994) . The resulting criterion is independent of the surface energy, and depends only on the unstable stacking energy. For a two-dimensional hexagonal lattice they find that a material is ductile if γ us µb < 0.012,
but the numeric constant may be different in other crystal structures and other crack geometries. We have also evaluated γ us /(µb) for these materials, see table 1. It is clearly seen that no value of γ us /(µb) can be found that divides the intrinsically brittle from the intrinsically ductile materials. A possible reason may be that the ratio between the ledge formation energy and the surface energy is not the same for all materials. The ratio will be a constant when nearest-neighbor pair potentials are used, but not necessarily when many-body forces are present. Another possibility is that we are in the transition region between the two ductility criteria (equations (2) and (3)), as proposed by Thomson and Carlsson (1994) .
It should finally be noticed that the observed intrinsic brittleness could be an artifact of the low surface energies obtained in the Effective Medium Theory's descriptions of metallic bonding, although this may to some extend be compensated by a similar underestimation of the unstable stacking energy. However, the test of the ductility criteria is "self-consistent" in the way that the values for γ surf and γ us are evaluated using the same potential that was used in the simulations. In that way even if the values are not exactly the same as the experimental values, the criteria are still tested reliably. Similar considerations apply to the blunt cracks, as both the surface energies and stresses are underestimated. However, since the ratio between them is approximately correct, the magnitude of the effect of crack blunting should be approximately correct. §5. Conclusions
We have simulated the emission of infinite straight dislocations from crack tips in Ni, Cu, Pd, Ag, Pt and Au modelled by the Effective Medium Theory. We find that a sharp crack is stable and will propagate in Pt and Au, but is unstable in Ni, Cu, Pd and Ag. Thus, gold and platinum are intrinsically brittle whereas the other metals are intrinsically ductile. This behavior is not explained by two recently proposed criteria for intrinsic crack tip behavior.
When the cracks are blunted dislocation emission is seen to occur in all the investigated materials at stresses approximately 20% below the theoretical cleavage stress. We propose that this is caused by a tensile surface stress in the end-surface of the crack generating a local stress field that favors emission. This is supported by a strong correlation between the change in critical load when the crack blunting is increased and the strength of the surface stress relative to the stress from the crack tip.
A consequence of this enhanced emission is a new mechanism for ductile behavior of otherwise intrinsically brittle materials. In such materials crack blunting, caused e.g. by collisions between the moving crack tip and preexisting dislocations, will arrest the crack and cause it to emit dislocations instead. Such crack arrest has been shown to be able to cause a dramatic increase in the fracture toughness of the material.
Since most metals exhibit tensile surface stresses, this mechanism may be active in other intrinsically brittle materials, and may be a cause of increased fracture toughness in a class of materials. Even if the intrinsic brittleness that we observe for gold and platinum turn out to be an artifact of the low surface energies in the Effective Medium Theory, other metals may be intrinsically brittle but be observed to be ductile because the cracks are arrested by collisions with preexisting dislocations.
